Suppression of the reaction between molten Ti and the investment material could limit the formation of the alpha-case layer, which influences the mechanical properties of the casting. This study investigated the influence of the investment material on the composition of the alpha-case layer and the corrosion behavior of Ti castings prepared in Al 2 O 3 -based molds by plasma arc melting. The micro-Vickers hardness of the castings was evaluated both on the surface and in the matrix. The corrosion behavior was investigated in 1 M HCl solution by electrochemical tests. The results show that the alpha-case layers formed when using Al 2 O 3 5Ti molds are thinner than those formed when using Al 2 O 3 molds, because the reaction with the molten metal is suppressed. Further, Al 2 O 3 5Ti molds produce castings with better corrosion behavior, although this behavior is still poorer than that of pure Ti. Thus the corrosion behavior of Ti castings is affected by the composition of the alpha-case layer.
Introduction
Ti and its alloys are widely used as biomaterials due to their high specific strength, lower modulus compared with steel or cobalt alloys, and good corrosion resistance. 1, 2) Furthermore, for manufacturing Ti products, investment casting is a more advanced net-shape manufacturing method when compared with powder metallurgy, superplastic forming and precision forging. However, Ti has an extremely higher melting point than dental casting noble alloys and an inherently high chemical reactivity. Thus, a metal-mold reaction layer, referred to as the "alpha-case (¡-case) layer", is formed during investment casting. 3, 4) This layer is brittle and is considered to unfavorably influence ductility, fatigue and corrosion resistance. 5) These influences would be minimal if the ¡-case layer is as thin as possible. Therefore, investment materials for Ti castings must be made of special high-stability refractories such as thoria, yttria, calcia, magnesia and zirconia for which the free energy change for oxide formation is more negative than that of TiO 2 .
It is generally known that the ¡-case layer is developed by the introduction of interstitials such as carbon, nitrogen and especially oxygen that dissolved from the investment materials. 6) Recently, Sung and Kim 7) studied the reaction between Al 2 O 3 -based investment materials and Ti and reported that the ¡-case layer is also formed by the substitution of metal atoms. Thus, the thickness of the ¡-case layer would be reduced if the metal-mold reaction were suppressed.
Although some researchers 79) have explored the effects of various investment materials on the microstructure, mechanical properties and composition, none have addressed the effect on corrosion behavior. This is especially important as the metal-mold reaction layer cannot be completely removed, and thus part of it usually remains even though chemical milling processes. Thus, the purpose of this study was to investigate the effect of the ¡-case layer thickness on the corrosion behavior of Ti castings.
Experimental Procedure
Molds for investment casting of Ti plates were produced using the lost-wax method. A wax for the Ti plate was designed using 3D-CAD software. The designed wax was fabricated using 3D Wax printer (Project DP 3500, 3D Systems, USA), subsequently. The thickness of the struts in the designed wax pattern was 3 mm. The wax was dipped into two types of slurries. The composition of the slurries was an Al 2 O 3 (>99 mass%, 375 mesh) and an Al 2 O 3 with 5 mass% Ti. The wax patterns dipped into slurries were then stuccoed with Al 2 O 3 and Al 2 O 3 with 5 mass% Ti powder to obtain thickness of 0.5 mm uniformly, and they were dried for 4 h. This process was repeated two times to prevent the generation of cracks on the mold during casting. If the coating layer is not uniform, molten titanium can leak out from the mold. After the coating layer was completely dried, the molds were coated with plaster to prevent molten Ti leakage due to the generation of cracks on the molds. The molds were subsequently dewaxed under a pressure of 0. ) were prepared by plasma arc melting in an Ar gas of 1.05 © 10 5 Pa, and were followed by drop casting procedure.
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Subsequently, the Ti castings were taken out of the molds and polished down with 1 µm diamond paste to prepare samples for micro-Vickers hardness tests (HM-113, Mitutoyo Corp., Japan), which were conducted under 25 g load for 10 s and at 15 µm intervals inward from the surface. The hardness values were used to identify the thickness of the ¡-case layer. The microstructure of the Ti castings was observed using an optical microscope (VHX200, Keyence Corp., Japan) after etching in a solution composed of 85 mL H 2 O, 5 mL HCl, 5 mL HNO 3 and 5 mL HF. For the electrochemical tests, Ti plates prepared using two types of molds (Al 2 O 3 and Al 2 O 3 5Ti) were cut and mounted in epoxy resin, leaving a 10 mm square section exposed to the solution. The surface of the plates was not grounded in order to determine the corrosion resistivity of the metal-mold reaction layer. Potentiodynamic polarization tests were conducted in 1 M HCl solution deaerated with nitrogen gas. The solution was selected as an electrolyte to compare the corrosion resistivity of the materials in more clearance. All polarization curves were measured at a scan rate of 1.667 © 10 ¹3 V/s. The electrochemical cell was equipped with a saturated calomel electrode (SCE) as the reference electrode, a graphite rod as the counter electrode, and a Luggin capillary. The Ti castings prepared with the two different investment materials were used as the working electrode, and pure Ti grounded with SiC paper was also used as it for the comparison. Corrosion currents were determined from the polarization curves using a four-point method proposed by Jankowski. 10) In addition, the corrosion rate, R, was calculated using the following equation:
where a is the atomic weight, i the current density, n the number of equivalents exchanged, and D the density of metal. All electrochemical tests were conducted at 298 K. The surface of specimens was observed by scanning electron microscopy (JEOL 5500, JEOL Ltd., Japan) after the electrochemical tests.
Results and Discussions

¡-case layer
The microstructure and the hardness profile of the castings differed with the investment material used for the casting, as shown in Fig. 1 . The thickness of ¡-case layer in Ti casting made with Al 2 O 3 5Ti molds was less than that made with Al 2 O 3 molds. The thickness of the layer on Ti castings made with Al 2 O 3 and Al 2 O 3 5Ti was 75 and 22.5 µm, respectively. For all samples, the hardness was the highest at the surface and decreased inward into the matrix. Furthermore, the maximum hardness value for castings made using Al 2 O 3 molds was higher than that for Al 2 O 3 5Ti molds.
The ¡-case layer seemed to be formed at the interface between Ti and the investment material, and this was confirmed from the hardness profile and the microstructure. Generally, most commercial titanium alloys contain oxygen concentrations between 0.10 and 0.40 mass% which significantly affect the mechanical properties. The strength and hardness increase with increasing oxygen content. 11) In previous studies, 79,1215) the thickness of the ¡-case layer was influenced by several factors, such as a type of investment materials, the oxygen content in Ti as a raw material and the thickness of the specimen. Table 1 shows the relationships among the thickness of the ¡-case layer of several Ti castings, the type of investment materials and specimen thickness. Since the reactivity of Ti in the molten state with oxygen is very high, oxygen in the investment material is well diffused into the matrix when Ti is melting. The amount of diffused oxygen atoms and its distance to the Ti matrix will be relatively minimized if the cooling rate is sufficiently high. As the specimen thickness is related with the cooling rate of Ti castings, the thickness of the ¡-case layer is increased with increasing specimen thickness, as shown in Table 1 . It was also clear that ¡-case layer formed on the Ti casting formed using the Al 2 O 3 5Ti mold in this study was thinner than that in other studies. Sung and Kim 7) found that the ¡-case layer was composed of TiO 2 , Ti 3 Al, and traces of other Ti-based compounds. The schematic of the suppressed reaction layer formed by using the Al 2 O 3 5Ti mold (Fig. 2) supports the assumption made in this study. In this study, Ti powder was added to Al 2 O 3 based on the assumption that the two materials would react to form TiO 2 and Ti 3 Al, which are also generally present in an ¡-case layer, in the firing process. The formation of TiO 2 and Ti 3 Al were reported by Choi et al. 16) Therefore, the reaction between molten Ti and the investment material would be suppressed because the compound present in the ¡-case layer already existed in the molds. The obtained hardness profile strongly supports this assumption, which indicates that ¡-case formation is suppressed in the molds containing Ti, because its composition is similar to that of an ¡-case region. For more reliable evidence, however, further investigations using thermodynamic or chemical analysis are required.
Electrochemical tests
As shown in Fig. 3 and Table 2 , pure Ti exhibited the highest corrosion potential and the lowest corrosion current after electrochemical tests in 1 M HCl solution. The corrosion potential of the Ti casting made with Al 2 O 3 5Ti molds was higher than that made with Al 2 O 3 molds. Nevertheless, small differences in corrosion potential were observed. However, the corrosion current and corrosion rate of the Ti castings made with Al 2 O 3 5Ti mold were approximately 3.3 and 3.2 times lower, respectively, than those of the castings made with the Al 2 O 3 molds.
Generally, the corrosion potential indicates how nonreactive a metal is in a given environment. In addition, the corrosion current gives an indication of the rate of corrosion when corrosion is ongoing. Since the corrosion current of Ti castings made with Al 2 O 3 5Ti molds was 3.3 times lower than that made with Al 2 O 3 molds, the polarization curves indicate that Ti castings made with Al 2 O 3 5Ti molds are less reactive than those made with Al 2 O 3 molds. In addition, the corrosion potential of the Ti castings is lower than that of pure Ti. Since corrosion is a reaction between the surface of a metal and its environment, the composition of the surface determines the corrosion behavior. Therefore, with consideration of corrosion potential and current, Ti castings made with Al 2 O 3 5Ti molds shows better corrosion resistance than that made with Al 2 O 3 molds.
As mentioned above, the ¡-case layer consists of Ti 3 Al, TiO 2 and other Ti-based compounds. The corrosion resist- ance of Ti 3 Al is poorer than that of commercially pure Ti. 17) Given that the Ti casting made with Al 2 O 3 5Ti molds has a thinner ¡-case layer, the composition of the layer should also be different; Ti atoms will be substituted by Al atoms from the Al 2 O 3 5Ti mold than the Al 2 O 3 mold, because the compounds present in the ¡-case layer already exist in Al 2 O 3 5Ti molds before the molten Ti is poured. Therefore, the composition of Ti castings made with different investment materials will be different; the Ti 3 Al content in the casting made with the Al 2 O 3 5Ti molds will be less than that in the casting made with Al 2 O 3 molds. These may be associated with the corrosion behavior of Ti castings. As shown in Fig. 4 , pits clearly formed in the Ti castings after electrochemical tests, while no pit was found in pure Ti as expected from the polarization curves (Fig. 3) . The polarization behavior of the specimens showed a passive behavior. Pitting corrosion is caused at passivated metal surfaces by aggressive anions. The pitting potentials listed in Table 2 can be determined from the point where the corrosion current increases dramatically after passivation. The more positive value of pitting potential, the more resistant is the material to the initiation of pitting corrosion. 18 ) Pure Ti did not show pitting corrosion in the polarization curves. However, Ti castings that possess the ¡-case layer showed pitting corrosion. Pitting potential, E pit , for the Ti casting made with Al 2 O 3 mold was higher than that for the Ti casting made with the Al 2 O 3 5Ti mold, and the pitting current was lower for the former. This means that the pitting corrosion resistance of Ti castings made with Al 2 O 3 5Ti molds is lower than that of the casting made with Al 2 O 3 molds. However, the values are not significantly low. On the basis of their surface layers (thickness and composition), Ti castings made with Al 2 O 3 molds can be more easily attacked by pitting corrosion than those made with Al 2 O 3 5Ti molds, which have a thinner ¡-case layer.
Conclusion
We fabricated Ti castings with different investment materials and tested their corrosion behavior. The thickness of the ¡-case layer was determined from the hardness profile. The ¡-case layers of Ti castings made with Al 2 O 3 5Ti molds were thinner than those made with Al 2 O 3 molds because the former molds contain compounds that are normally present in the ¡-case layer. The corrosion behavior of Ti castings was examined by the potentiodynamic polarization tests, which showed that the corrosion resistance of Ti castings made with Al 2 O 3 5Ti molds was higher than that of castings made with Al 2 O 3 molds but lower than those of castings made with pure Ti. The results indicated that the corrosion behavior is affected by the surface conditions in terms of the thickness and composition of the ¡-case layer.
